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1. Introduction 
 
Swelling subsequent to hyposmotic conditions activates a process of volume regulation 
present in most cell types. This volume adjustment is accomplished by osmolyte translo-
cation toward the extracellular space to reach a new osmotic equilibrium. Molecules in-
volved in this homeostatic mechanism have been broadly classified into two categories: 
organic and inorganic osmolytes. Inorganic osmolytes comprise mainly the intracellular 
ions K+ and Cl–. Cell swelling–induced activation of separate K+ and Cl– channels has been 
described in most preparations. Organic osmolytes are grouped in three categories: amino 
acids, polyalcohols, and methylamines. These osmolytes, particularly taurine, are present 
in high intracellular concentrations and may also play a role as cytoprotectants.1 Amino 
acids are part of the organic osmolyte pool contributing to RVD in most cells.1,2 Among 
them, taurine has been studied in detail mainly because of its metabolic inertness, and it is 
often considered as representative of all osmolyte amino acids. 
 
1.1. Volume Sensitive Organic Osmolyte and Anion Pathway 
Volume regulatory loss of organic osmolytes has been characterized in a wide range of cell 
types. Efflux of these osmolytes seems to be mediated by passive concentration gradient-
driven pathways, which do not exhibit saturation in their efflux profile and are not sus-
ceptible to trans-stimulation.3 It is now generally accepted that swelling-activated organic 
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osmolyte release is achieved by diffusion through membrane pores, rather than by carrier 
transport. Transport pathways for organic osmolytes are in general Na+-independent and 
nonstereoselective. A particular feature of organic osmolyte release is its sensitivity to gen-
eral anion channel blockers.4–6 This has raised the question of whether the volume-sensitive 
Cl– channel may be the permeation pathway for these osmolytes. Electrophysiological ev-
idence has shown that amino acids and some other organic osmolytes permeate through 
the volume-sensitive anion/Cl– channel (VSAC), which has broad permeability, and the 
necessary size pore (8–9 Å)2,7 to allow translocation of amino acids as large as glutamate, 
as well as other structurally unrelated osmolytes. This channel was named volume-sensitive 
organic osmolyte/anion channel (VSOAC) by Strange and coworkers.8 Experimental evi-
dence for the existence of this common pathway is not conclusive so far, and as the char-
acterization of the volume-sensitive Cl– channel and the organic osmolyte fluxes pro-
gresses, evidence against the notion of a common Cl–/osmolyte pathway becomes less con-
sistent. In this review, we address basic questions that remain unanswered: (1) may the 
volume-sensitive Cl– channel be a common pathway for both Cl– and taurine?; and (2) are 
taurine and other amino acid osmolytes translocated through the same efflux pathway? 
We present here results pertaining to these two possibilities and discuss the current state 
of the field. 
 
2. Evidence against a Common Pathway for Swelling-Activated Taurine and Cl– Release 
 
Taurine is found at concentrations of up to tens of millimolar in vertebrate cells under 
physiological conditions. It has a pK2 of 8.82 and is therefore present in the cytosol pre-
dominantly as an electroneutral zwitterion.9 Swelling-activated taurine release (SATR) has 
been observed in almost all preparations studied to date. SATR occurs via a nonsaturable 
Na+-independent transport pathway, inhibited by both anion exchanger blockers (DIDS, 
SITS, niflumic acid, and pyridoxal phosphate), and chloride channel blockers (NPPB, dide-
oxyforskolin and tamoxifen), and modulated by tyrosine kinases and PI3K activity,for rev. see 
10 and 11 as has been also reported for VSAC.12–14 
There is recent evidence against a common pathway for both osmolytes. In Ehlrich as-
cites cells SATR and VSAC fluxes are pharmacological distinct,15 the former being inhibited 
by DIDS and niflumic acid, and stimulated by arachidonic acid and LTD4, while the later 
is inhibited by arachidonic acid, tamoxifen and insensitive to DIDS and niflumic acid.16 
Studies in rat mammary gland and skate erythrocytes demonstrate SATR release without 
an activation of VSAC,17–20 and the opposite was observed in human biliary cell line.21 In 
skate erythrocytes, the osmosensitive taurine and Cl– fluxes appear mediated by different 
pathways, taurine through a channel and Cl– by cotransporter pathways.20 Different path-
ways for SATR and VSAC were also suggested in HeLa cells,22 where SATR was more 
sensitive to DIDS than I125 efflux. In this study SATR and I125 efflux elicited differences in 
their kinetic activation and inactivation profiles. Differences between VSAC and SATR in 
their sensitivity to Cl– channel blockers have been found in NIH3T3 and CHO cells.23,24 In 
NIH3T3 cells, the small G-protein Rho A modulates the Cl– channel conductance while 
SATR remains almost unaffected.25 SATR, but not swelling-activated Cl– conductance, oc-
curs in Xenopus laevis oocytes.26 
F R A N C O,  T A U R I N E  5 :  B E G I N N I N G  T H E  2 1 S T  C E N T U R Y  5 2 6  (2 0 0 3 )  
3 
3. The Swelling-Activated Taurine and Amino Acid Release 
 
Taurine is convenient for studies aimed to characterize osmolyte fluxes because it is abun-
dant in cells and tissues and is essentially metabolically inert, and has been often consid-
ered as representative of amino acids and other organic osmolytes. Besides taurine, other 
amino acids translocate in response to hyposmotic swelling. In the same way, glycine, β-
alanine, GABA, leucine, glutamine, aspartate, and glutamate permeate through the swelling-
activated Cl–/anion pathway with Paa/Pel ranging from 0.25 to 0.78 in cell types including 
MDCK cells, inner medullary collecting duct IMCD cells and glial cells.27–31 Amino acid 
release as for the case of taurine is inhibited by Cl– channel blockers (SITS, DIDS, L644-711, 
niflumic acid, NPPB, dideoxyforskolin and tamoxifen, furosemide, 9-AC, and dipyrida-
mole) in different preparations including primary cortical and cerebellar astrocytes, cere-
bellar granule neurons and cultured cortical neurons, neuroblastoma CHP-100, cortex, hip-
pocampal slices, chick retina, NIH3T3 cell, and endothelial cells.23,32–31 Hyposmotic-
induced N-acetylaspartate release has been studied in rat striatum preparations, hippo-
campal slices and in vivo studies; similar to SATR, N-acetylaspartate release was also inhib-
ited by Cl– channel blockers.40, 43–46 These results may suggest a common efflux pathway for 
SATR and other amino acids and would, in principle, allow the extrapolation of SATR 
results to all other osmolyte amino acids. 
Recent results from our and other laboratories indicate that the osmosensitive taurine 
efflux properties clearly differ from those of amino acids such as GABA and glutamate 
which may act as neurotransmitters. The efflux rate of taurine, glutamate, and D-aspartate 
were similar in cultured astrocytes regarding the time course and the effect of Cl-channel 
inhibitors, but are differentially modulated by tyrosine kinase blockers.34–37,47 More im-
portant differences between SATR and other amino acids were found in hippocampal39, 48 
and cortex slices (fig. 1), including (1) The osmosensitive amino acid neurotransmitter re-
lease shows a kinetic release profile notably different from SATR. Taurine efflux exhibits 
delayed activation and inactivation while that of glutamate and GABA fully activate im-
mediately after the stimulus and also rapidly inactivate, (2) GABA and glutamate efflux 
are insensitive to Cl– channel blockers, which typically inhibit SATR, (3) SATR is modu-
lated by signaling cascades involving tyrosine phosphorylation events, including an im-
portant role for the tyrosine kinase target PI3K; while GABA and glutamate fluxes are not 
responsive to tyrosine phosphorylation state nor to the influence of PI3K activity, and (4) 
swelling-activated neurotransmitter release, but not SATR, is influenced by the cytoskele-
ton depolymerization and manipulation of PKC activity. 
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Figure 1. Amino acid release from cortex slices exposed to 30% hyposmotic medium. 
Slices preloaded with 3H-taurine or 3H-D-aspartate were superfused 5 min with isosmotic 
medium. Thereafter (arrow), the medium was replaced by 30% hyposmotic solution. One-
min fractions were collected during 20 min. 3H-Taurine release was inhibited by tyrosine 
kinase blockers (50μM AG18 ())and PI3K inhibitors (wortmannin l00nM ()). In con-
trast, glutamate release (followed as 3H-D-aspartate) was insensitive to these agents but 
potentiated by PKC activation (l00nM PMA ()). (●) Controls with vehicle. Data repre-
sent the radioactivity released per min expressed as percentage of the total incorporated 
and are means ± SE (n = 4–6). 
 
In the same way, in rat cerebral cortex dialysates and bullfrog sympathetic ganglia dif-
ferent effects were obtained between SATR and SAAAC in the presence of several Cl– chan-
nel blockers, SATR being the most widely sensitive and that of GABA, D-aspartate, and 
glutamate rather inhibited in the presence of these agents.49,50 Moreover, in vivo studies 
show that glutamate and aspartate are preferentially released during acute hyponatremia 
while taurine release is sensitive to both chronic and acute hyponatremia.51 In cultured 
neurons taurine efflux is more sensitive to osmolarity perturbations than glutamate and 
GABA.52 Hyposmotic-induced amino acid neurotransmitter release in excitable cells has 
been suggested to involve an exocytotic mechanism elicited in response to cell depolariza-
tion by either Cl– release or by activation of nonselective cation channels; or by calcium-
independent vesicle fusion mechanisms.reviewed in 53 
 
4. Concluding Remarks 
 
The molecular identification and characterization of the swelling-activated efflux pathway 
for organic osmolytes release has been attempted by several research groups in the field. 
During their efforts there was initial evidence that suggested a common efflux pathway 
named VSOAC for both swelling activated-organic osmolyte release and VSAC. This led 
to the common extrapolation of experimental results from one osmolyte release (either tau-
rine or chloride) to others (like amines, amino acids, or polyalcohols). In this review, we 
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summarize increasing evidence that points to different efflux pathways for SATR with re-
spect to the VSAC. We also show that for the organic osmolyte group of amino acids, care 
must be taken in the further extrapolation of SATR to other swelling-activated release of 
amino acids at least for the case of neurotransmitter amino acids in excitable cells. In this 
case, it is clear that in brain preparations, different pathways mediate the release of amino 
acid neurotransmitter release (like GABA and glutamate) with respect to that of SATR. In 
brain preparations, the different regulatory mechanisms and efflux pathways involved in 
the swelling-activated amino acid neurotransmitter release with respect to that of taurine 
may be of physiological relevance because high extracellular concentrations of these neu-
rotransmitters may lead to exocytotic insults, during conditions of cell swelling. It must be 
taken into account that several efflux pathways may be activated during cell swelling con-
ditions for different osmolytes or even for the same one.54–56 All this data challenge the 
hypothesis of VSOAC as the common efflux pathway for the release of organic osmolytes 
and anion conductance elicited by cell swelling conditions, and even for a common path-
way for taurine and other amino acid osmolytes in excitable cells. 
 
Acknowledgments – This work was supported by grants No. 3488-6M from CONACYT and IN-
204900 from DGAPA-UNAM. 
 
References 
 
1. Lang, F., Busch, G. L., Ritter, M., Volkl, H., Waldegger, S., Gulbins, E., and Haussinger, D., 1998, 
Functional significance of cell volume regulatory mechanisms. Physiol. Rev. 78:247–306. 
2. Pasantes-Morales, H., 1996, Volume regulation in brain cells: cellular and molecular mecha-
nisms. Metab. Brain Dis. 11: 187–204. 
3. Kirk, K., and Strange, K., 1998, Functional properties and physiological roles of organic solute 
channels. Annu. Rev. Physiol. 60:719–739. 
4. Kirk, K., Ellory, J. C., and Young, J. D., 1992, Transport of organic substrates via a volume-activated 
channel. J. Biol. Chem. 267:23475–23478. 
5. Junankar, P. R., and Kirk, K., 2000, Organic osmolyte channels: a comparative view. Cell. Physiol. 
Biochem. 10:355–360. 
6. Kirk, K., 1997, Swelling-activated organic osmolyte channels. J. Membr. Biol. 158:1–16. 
7. Strange, K., and Jackson, P. S., 1995, Swelling-activated organic osmolyte efflux: a new role for 
anion channels. Kidney Int. 48:994–1003. 
8. Strange, K., Emma, F., and Jackson, P. S., 1996, Cellular and molecular physiology of volume-
sensitive anion channels. Am. J. Physio/. 270:C71l–C730. 
9. Huxtable, R. J., 1992, Physiological actions of taurine. Physiol. Rev. 72:101–163. 
10. Pasantes-Morales, H., Franco, R., Torres-Marquez, M.E., Hernandez-Fonseca, K., and Ortega, 
A., 2000, Amino acid osmolytes in regulatory volume decrease and isovolumetric regulation in 
brain cells: contribution and mechanisms. Cell. Physiol. Biochem. 10:361-370.  
11. Pasantes-Morales, H., and Franco, R., 2002, Influence of protein tyrosine kinases on cell volume 
change-induced taurine release. The Cerebellum. 1:103–109. 
12. Lepple-Wienhues, A., Szabo, I., Wieland, U., Heil, L., Gulbins, E., and Lang, F., 2000, Tyrosine 
kinases open lymphocyte chloride channels. Cell. Physiol. Biochem. 10:307–312. 
F R A N C O,  T A U R I N E  5 :  B E G I N N I N G  T H E  2 1 S T  C E N T U R Y  5 2 6  (2 0 0 3 )  
6 
13. Feranchak, A. P., Roman, R. M., Doctor, R. B., Salter, K. D., Toker, A., and Fitz, J. G., 1999, The 
lipid products of phosphoinositide 3-kinase contribute to regulation of cholangiocyte ATP and 
chloride transport. J. Biol. Chem. 274:30979–30986. 
14. Voets, T., Manolopoulos, V., Eggermont, J., Ellory, C., Droogmans, G., and Nilius, B., 1998, Reg-
ulation of a swelling-activated chloride current in bovine endothelium by protein tyrosine phos-
phorylation and G proteins. J. Physiol. 506:341–352. 
15. Lambert, I. H., and Hoffmann, E. K., 1994, Cell swelling activates separate taurine and chloride 
channels in Ehrlich mouse ascites tumor cells. J. Membr. Biol. 142:289–298. 
16. Hoffmann, E. K., 2000, Intracellular signalling involved in volume regulatory decrease. Cell. 
Physiol. Biochem. 10:273–288. 
17. Shennan, D. B., and Thomson, J., 2000, Further evidence for the existence of a volume-activated 
taurine efflux pathway in rat mammary tissue independent from volume-sensitive Cl channels. 
Acta Physiol. Scand. 168:295–299. 
18. Shennan, D. B., Cliff, M. J., and Hawkins, P., 1996, Volume-sensitive taurine efflux from mam-
mary tissue is not obliged to utilize volume-activated anion channels. Biosci. Rep. 16:459–465. 
19. Shennan, D. B., McNeillie, S. A., and Curran, D. E., 1994, The effect of a hyposmotic shock on 
amino acid efflux from lactating rat mammary tissue: stimulation of taurine and glycine efflux 
via a pathway distinct from anion exchange and volume-activated anion channels. Exp. Physiol. 
79:797–808. 
20. Davis-Amaral, E. M., Musch, M. W., and Goldstein, L., 1996, Chloride and taurine effluxes occur 
by different pathways in skate erythrocytes. Am. J. Physiol. 271:R1544–R1549. 
21. Roman, R. M., Wang, Y., and Fitz, J. G., 1996, Regulation of cell volume in a human biliary cell 
line: activation of K+ and Cl– currents. Am. J. Physiol. 1996 271:G239–G248. 
22. Stutzin, A., Eguiguren, A. L., Cid, L. P., and Sepulveda, F. V., 1997, Modulation by extracellular 
Cl– of volume-activated organic osmolyte and halide permeabilities in HeLa cells. Am. J. Physiol. 
273:C999-C1007. 
23. Moran, J., Miranda, D., Pena-Segura, C., and Pasantes-Morales, H., 1997, Volume regulation in 
NIH/3T3 cells not expressing P-glycoprotein. II. Chloride and amino acid fluxes. Am. J. Physiol. 
272:C1804–Cl809. 
24. Sanchez-Olea, R., Fuller, C., Benos, D., and Pasantes-Morales, H., 1995, Volume-associated os-
molyte fluxes in cell lines with or without the anion exchanger. Am. J. Physiol. 269:C1280–C1286. 
25. Pedersen, S. F., Beisner, K. H., Hougaard, C., Willumsen, B. M., Lambert, I. H., and Hoffmann, 
E. K., 2002, Rho family GTP binding proteins are involved in the regulatory volume decrease 
process in NIH3T3 mouse fibroblasts. J. Physiol. 541:779–796. 
26. Stegen, C., Matskevich, I., Wagner, C. A., Paulmichl, M., Lang, F., and Broer, S., 2000, Swelling-
induced taurine release without chloride channel activity in Xenopus laevis oocytes expressing 
anion channels and transporters. Biochim. Biophys. Acta. 1467:91–100. 
27. Banderali, U., and Roy, G., 1992, Anion channels for amino acids in MDCK cells. Am. J. Physiol. 
263:C1200–Cl207. 
28. Roy, G., and Banderali, U., 1994, Channels for ions and amino acids in kidney cultured cells 
(MDCK) during volume regulation. J. Exp. Zool. 268:121–126. 
29. Boese, S. H., Wehner, F., and Kinne, R. K., 1996, Taurine permeation through swelling-activated 
anion conductance in rat IMCD cells in primary culture. Am. J. Physiol. 271:F498–F507. 
30. Roy, G., 1995, Amino acid current through anion channels in cultured human glial cells. J. 
Membr. Biol. 147:35–44. 
F R A N C O,  T A U R I N E  5 :  B E G I N N I N G  T H E  2 1 S T  C E N T U R Y  5 2 6  (2 0 0 3 )  
7 
31. Olson, J. E., and Li, G. Z., 1997, Increased potassium, chloride, and taurine conductances in as-
trocytes during hypoosmotic swelling. Glia. 20:254–261. 
32. Pasantes-Morales, H., Chacon, E., Murray, R. A., and Moran, J., 1994, Properties of osmolyte 
fluxes activated during regulatory volume decrease in cultured cerebellar granule neurons. J. 
Neurosci. Res. 37:720–727. 
33. Sanchez-Olea, R., Morales, M., Garcia, O., and Pasantes-Morales, H., 1996, Cl channel blockers 
inhibit the volume-activated efflux of Cl and taurine in cultured neurons. Am. J. Physiol. 
270:C1703–C1708. 
34. Kimelberg, H. K., Goderie, S. K., Higman, S., Pang, S., and Waniewski, R. A., 1990. Swelling-
induced release of glutamate, aspartate, and taurine from astrocyte cultures. J. Neurosci. 10:1583–
1591. 
35. Sanchez-Olea, R., Pena, C., Moran, J., and Pasantes-Morales, H., 1993, Inhibition of volume reg-
ulation and efflux of osmoregulatory amino acids by blockers of Cl– transport in cultured astro-
cytes. Neurosci. Lett. 156:141–144. 
36. Pasantes-Morales, H., Murray, R. A., Sanchez-Olea, R., and Moran, J., 1994, Regulatory volume 
decrease in cultured astrocytes. II. Permeability pathway to amino acids and polyols. Am. J. 
Physiol. 266:C172–Cl78. 
37. Rutledge, E. M., Aschner, M., and Kimelberg, H. K., 1998, Pharmacological characterization of 
swelling-induced D-[3H]aspartate release from primary astrocyte cultures. Am. J. Physiol. 
274:Cl511–C1520. 
38. Basavappa, S., Huang, C. C., Mangel, A. W., Lebedev, D. V., Knauf, P. A., and Ellory, J. C., 1996, 
Swelling-activated amino acid efflux in the human neuroblastoma cell line CHP-100. J. Neuro-
physiol. 76:764–769. 
39. Franco, R., Quesada, O., and Pasantes-Morales, H., 2000, Efflux of osmolyte amino acids during 
isovolumic regulation in hippocampal slices. J. Neurosci. Res. 61:701–711. 
40. Bothwell, J. H., Rae, C., Dixon, R. M., Styles, P., and Bhakoo, K. K., 2001, Hypo-osmotic swelling-
activated release of organic osmolytes in brain slices: implications for brain oedema in vivo. J. 
Neurochem. 77:1632–1640. 
41. Pasantes-Morales, H., Ochoa de la Paz, L. D., Sepulveda, J., and Quesada, O., 1999, Amino acids 
as osmolytes in the retina. Neurochem Res. 24:1339–1346. 
42. Manolopoulos, V. G., Yoets, T., Declercq, P. E., Droogmans, G., and Nilius, B., 1997, Swelling-
activated efflux of taurine and other organic osmolytes in endothelial cells. Am. J. Physiol. 
273:C214–C222. 
43. Sterns, R. H., Baer, J., Ebersol, S., Thomas, D., Lohr J. W., and Kamm, D. E., 1993, Organic osmo-
lytes in acute hyponatremia. Am. J. Physiol. 264:F833–F836. 
44. Taylor, D. L., Davies, S. E., Obrenovitch, T. P., Doheny, M. H., Patsalos, P. N., Clark, J. B., and 
Symon, L., 1995, Investigation into the role of N-acetylaspartate in cerebral osmoregulation. J. 
Neurochem. 65:275–281. 
45. Davies, S. E., Gotoh, M., Richards, D. A., and Obrenovitch, T. P., 1998, Hypoosmolarity induces 
an increase of extracellular N-acetylaspartate concentration in the rat striatum. Neurochem. Res. 
23:1021–1025. 
46. Baslow, M. H., 2002 Evidence supporting a role for N-acetyl-L-aspartate as a molecular water 
pump in myelinated neurons in the central nervous system. An analytical review. Neurochem. 
Int. 40:295–300. 
F R A N C O,  T A U R I N E  5 :  B E G I N N I N G  T H E  2 1 S T  C E N T U R Y  5 2 6  (2 0 0 3 )  
8 
47. Mongin, A. A., Reddi, J. M., Charniga, C., and Kimelberg, H. K., 1999, [3H]taurine and D[3H]as-
partate release from astrocyte cultures are differently regulated by tyrosine kinases. Am. J. Phys-
iol. 276:Cl226–C1230. 
48. Franco, R., Torres-Marquez, M. E., and Pasantes-Morales, H., 2001, Evidence for two mecha-
nisms of amino acid osmolyte release from hippocampal slices. Pflügers Arch. 442:791–800. 
49. Sakai, S., and Tosaka, T., 1999, Analysis of hyposmolarity-induced taurine efflux pathways in 
the bullfrog sympathetic ganglia. Neurochem. Int. 34:203–212. 
50. Estevez, A. Y., O’Regan, M. H., Song, D., and Phillis, J. W., 1999, Effects of anion channel blockers 
on hyposmotically induced amino acid release from the in vivo rat cerebral cortex. Neurochem. 
Res. 24:447–452. 
51. Verbalis, J. G., and Gullans, S. R., 1991, Hyponatremia causes large sustained reductions in brain 
content of multiple organic osmolytes in rats. Brain Res. 567:274–282. 
52. Pasantes-Morales, H., Alavez, S., Sanchez-Olea, R., and Moran, J., 1993, Contribution of organic 
and inorganic osmolytes to volume regulation in rat brain cells in culture. Neurochem. Res. 
18:445–452. 
53. Pasantes-Morales, H., Franco, R., Ochoa, L., and Ordaz, B., 2002, Osmosensitive release of neu-
rotransmitter amino acids: relevance and mechanisms. Neurochem. Res. 27:59–65. 
54. Zhang, J. J., and Jacob, T. J., 1997, Three different Cl– channels in the bovine ciliary epithelium 
activated by hypotonic stress. J. Physiol. 499:379–389. 
55. Staines, H. M., Godfrey, E. M., Lapaix, F., Egee S., Thomas, S., and Ellary, J. C., 2002, Two func-
tionally distinct organic osmolyte pathways in Plasmodium gallinaceum–infected chicken red 
blood cells. Biochim. Biophys. Acta. 1561:98–108. 
56. Banderali, U., and Ehrenfeld, J., 1996, Heterogeneity of volume-sensitive chloride channels in 
basolateral membranes of A6 epithelial cells in culture. J. Membr. Biol. 154:23–33. 
